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ABSTRACT

Ocean warming and acidification pose major threats to coral reef organisms. It is
unknown how the early life history stages of Atlantic corals cope with the combined
effects of these two global environmental stressors. Here, I investigate how these
stressors influence the fertilization success, larval survivorship, and settlement of the
threatened Atlantic coral, Orbicella faveolata. Gametes from O. faveolata were subjected
to a factorial combination of present and future scenarios of oceanic temperatures (28.5°
C and 30° C) and pH (8.2 and 8.0) predicted to occur by 2050. Results indicate that
treatment type did not significantly affect fertilization success. Elevated temperature
caused complete larval mortality and inhibited the settlement of O. faveolata.
Interestingly, these negative effects of high temperature were partially mitigated when
combined with ocean acidification. Overall, both the larval survivorship and settlement in
the combined treatment was reduced to approximately half when compared to ambient
treatment. Although ocean acidification may partially mitigate the negative effects of
ocean warming during the larval stage, the overall reduced survival and settlement of
larvae under future oceanic conditions, coupled to reduced calcification in adults,
portends devastating effects on the health of this threatened species.

Keywords: Ocean Warming, Ocean Acidification, Fertilization, Larval Survivorship,
Settlement, Orbicella faveolata
iii

CHAPTER 1: INTRODUCTION

1.1 Status of Coral Reef Ecosystems
Although coral reefs only cover approximately 0.5% of the ocean floor (Copper
1994), they support more species than any other marine environment and contribute 5%
to global diversity (Odum and Odum 1955; Reaka-Kudla 1997). These ecosystems can
host a staggering amount of diversity because they provide unique habitat and a source of
essential nutrients for marine food chains in an oligotrophic environment (Froelich 1983;
D’Elia 1988; Opitz 1996; Allgeier et al. 2016). Not only are these ecosystems vital to
maintain biodiversity, but they also buffer shorelines from wave activity (Moberg and
Folke 1999; Elliff and Silva 2017), provide sustenance to millions of people (Salvat
1992; Whittingham et al. 2003; Sadovy 2005), and offer over $30 billion in commercial
value annually (Costanza et al. 1998; Hoegh-Guldberg 2004; Chen et al. 2015).
Despite their importance, the majority of coral reefs face the serious threat of
extinction from an array of anthropogenic stressors (Halpern et al. 2008). Local stressors
include habitat destruction, disease, eutrophication, sedimentation, and overfishing,
which reduce the resilience of corals against global stressors, such as ocean warming
(OW), ocean acidification (OA), and storm intensification (Hughes et al. 2003; Pandolfi
et al. 2003; Wilkinson 2004; Hoegh-Guldberg et al. 2007). Although disturbance is
important for maintaining biodiversity, the increase in scale and frequency of these
stressors have led to the destruction of coral reef ecosystems (Done 1992; Hughes 1994;
Mumby et al. 2007). Both local and global pressures have contributed to a 60% decline in
coral reefs worldwide, leaving the remaining one third of all reefs at elevated risk of
extinction (Carpenter et al. 2008; Jackson 2008). Even corals with the greatest level of
protection are approaching extinction (Pandolfi et al. 2005). If this rate of loss continues
unabated, mass extinction of coral reef ecosystems is predicted to occur by 2050 (Burke
et al. 2011).
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1.2 Ocean Warming (OW)
The recent increase in atmospheric carbon dioxide (CO2), mostly from the
burning of fossil fuels, represents one of the most detrimental disturbances to coral reef
ecosystems worldwide. Since the Industrial Revolution, atmospheric CO2 has increased
from approximately 280 parts per million by volume (ppmv) to over 400 ppmv (Solomon
2007; Meinshausen et al. 2011; Gattuso et al. 2015), an amount that is 30% higher than
what has naturally occurred over the past 650,000 years (Siegenthaler et al. 2005). As a
result of the increased concentration of this greenhouse gas, heat becomes trapped within
the atmosphere, thus warming sea surface waters. Consequently, the oceans are expected
to increase in temperature by 1.2 - 3.2°C by the end of the century (Solomon 2007;
Meinshausen et al. 2011; Gattuso et al. 2015), affecting the vast majority of coral reef
organisms.
Coral reefs are located in shallow waters close to their upper thermal tolerance
limits, making them one of the most vulnerable ecosystems to global climate change
(Hoegh-Guldberg 1999). As a result, coral organisms express sensitivity to even a 1°C
increase in seawater temperature (Donner et al. 2005; Hoegh-Guldberg et al. 2007; Baker
et al. 2008). According to Sammarco and Strychar (2013), host corals can tolerate fluxes
in temperature more so than their algal symbionts, Symbiodinium spp. High temperature
or irradiance can damage the photosynthetic machinery of the Symbiodinium spp.,
causing the overproduction of oxygen radicals. These radicals can harm both the coral
host and Symbiodinium spp, leading to the degeneration of their symbiotic relationship
and the expulsion of algae from the host (Lesser 2006). This process, termed coral
bleaching, can cause a range of physiological effects, including reductions in growth,
reproduction, and survival of the coral host (Brown 1997; McClanahan et al. 2009). In
the Caribbean, McWilliams et al. (2005) suggest that even a 0.1°C increase in sea surface
temperature can result in a 42% increase in bleaching intensity, as well as a 35% increase
in the number of areas that have reported bleaching. Since the 1980s, bleaching events
have been reported from almost all coral reef supporting regions, often with whole ocean
basins affected (Baker et al. 2008).
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1.3 Ocean Acidification (OA)
The oceans’ absorption of more than 30% of atmospheric carbon dioxide (CO2)
emitted by human activity (OA) represents another detrimental disturbance to coral reef
ecosystems worldwide. Once absorbed, CO2 reacts with water to form carbonic acid
(H2CO3). By losing hydrogen ions, this weak acid can dissociate to form bicarbonate ions
(HCO3-) and further, to form carbonate ions (CO32-) as seen in the following reactions:
CO2(atmos) ↔ CO2(aq) + H2O ↔ H2CO3 ↔ H+ + HCO3- ↔ 2H+ + CO32These reactions are reversible and near equilibrium (Millero et al. 2002; Doney et
al. 2009). However, when CO2 is added to seawater, bicarbonate ion and hydrogen ion
concentrations increase, causing the oceans to become more acidic. Carbonate ion
concentrations decline as they combine with H+ to form HCO3-, pushing the above
equation from right towards center. As a result, this increase in anthropogenic
atmospheric CO2 since preindustrial times has reduced both seawater pH and carbonate
ion concentrations (CO32-) (Chave and Suess 1970), by 0.1 units (Raven et al. 2005) and
30 µmolkg1 (Hoegh-Guldberg et al. 2007), respectively. If anthropogenic atmospheric
CO2 continues to increase at the current rate, oceanic pH is projected to decrease 0.3-0.4
pH units by the end of the century. This represents a 150% increase in H+ and 50%
decrease in carbonate concentrations (Caldeira and Wickett 2003; Orr et al. 2005; Raven
et al. 2005; Stocker et al. 2013).
Ocean acidification is of tremendous concern for marine calcifying organisms,
such as reef-building corals, that rely on carbonate ions to form their calcium carbonate
structural skeletons (Smith and Buddemeier 1992). The current average calcium
carbonate concentration is approximately 250 µmol kg-1 (Field and Van Aalst 2014). If
concentrations fall below 200 µmol kg-1, coral reef carbonate accretion will approach
zero or become negative (Hoegh-Guldberg et al. 2007). Many studies have examined the
direct relationship of reduced coral calcification in response to decreased carbonate ion
concentration (Gattuso et al. 1998; Schneider and Erez 2006; Anthony et al. 2008;
Marubini et al. 2008). For example, Langdon et al. (2000) studied coral reef organisms at
a community level over the course of 3.8 years and found community calcification as a
linear function of calcium and carbonate ion concentrations. As a result of OA, it is
3

expected that coral calcification rates will decline 20-60% by 2100 (Andersson et al.
2005; Kleypas et al. 2005; Langdon and Atkinson 2005; Parry et al. 2007; Chan and
Connolly 2013). In addition to decreased calcium carbonate production rates, coral
skeleton dissolution rates also increase in acidic conditions, presenting another challenge
for reef-building corals (Langdon et al. 2000; Yates and Halley 2006). When rates of
dissolution become greater than calcification, whole coral reef ecosystems collapse (Erez
et al. 2011).
1.4 OW and OA on Reef-building Corals
It is clear that both OW and OA can have detrimental effects on numerous reefbuilding corals. However, even though these global stressors occur simultaneously, their
synergistic effects on coral organisms are poorly understood. Analysis of coral colony
cores between 1988 and 2003 depict a 21% decline in calcification, much lower than
expected from OA alone. These results suggest that multiple environmental stressors,
including OW, may have compounding effects with OA on reef-building corals
(Carpenter et al. 2008). Further, while OW may allow for corals to migrate to less
tropical latitudes (Precht and Aronson 2004), the decreased carbonate concentrations in
these areas may restrict reef development, combating the ability of coral organisms to
escape thermal stress (Kleypas et al. 2001; Guinotte et al. 2003). Other impacts of OW
and OA when combined include increased bioerosion (Reyes‐Nivia et al. 2013),
bleaching (Erez et al. 2011), and the narrowing of thermal tolerance windows (Pörtner
2008). Alternatively, McCulloch et al. (2012b) suggest that some corals display increased
resilience to OW and OA by pH up-regulation within the coral tissue. McNeil et al.
(2004) also suggest that coral organisms have increased resilience to OW and OA. As
calcification rates increased in OW, despite OA, they predict that calcification rates for
2100 will exceed pre-industrial calcification rates by 35%. Overall, conflicting results
suggest that tolerance to these environmental stressors may be species specific.
The recovery and persistence of coral reef ecosystems depends on the ability of
recruitment to keep pace with adult population mortality (Richmond 1997; Hughes and
Tanner 2000). Anecdotal evidence suggests that the early life history stages of corals
may be more sensitive to environmental stressors than adults. However, due to the
4

difficulties associated with rearing and interpreting larval behaviors, few studies have
focused on the effects of OW or OA on the early life history stages of corals, and only
five studies have investigated their combined effects. All five of these studies have
focused on reef-building corals of the Indian or Pacific Oceans (Anlauf et al. 2011;
Albright and Mason 2013; Chua et al. 2013b; Cumbo et al. 2013; Baria et al. 2015;
Foster et al. 2015), so the effects of OW and OA on early life history stages for all
Atlantic reef-building coral species remains unknown. Further, the techniques employed
to investigate this topic, and their results obtained for various species have been
dissimilar (Appendix A).
The majority of reef-building coral species are hermaphroditic broadcast
spawning corals that reproduce by releasing sperm and eggs into the water column
where they drift for approximately 30 minutes before fertilization (Harrison 2011). This
process of external fertilization leaves sperm and eggs vulnerable to the chemical
composition of the surrounding ocean water (Ritson-Williams et al. 2009). For example,
Negri et al. (2007) found that Acropora millepora exhibited a reduction in fertilization
when exposed to higher temperatures expected for the next century. However, three
other species tested did not display vulnerability to OW, suggesting that some coral
species may be able to cope with higher temperatures more so than others. Albright and
Mason (2013) determined that as levels of OA increased, the coral Acropora tenuis
required higher concentrations of sperm for fertilization, presumably because of a
reduction in sperm to egg connections or contact efficiency. It is also possible that OA
may reduce sperm motility and thereby decrease sperm effectiveness (Suwa et al. 2010).
Only two studies have investigated the effects of both stressors simultaneously on
fertilization and the results are conflicting. Albright and Mason (2013) suggests that
these negative effects of OW and OA are amplified when gametes are subjected to both
stressors concurrently, as eggs required higher concentrations of sperm for optimal
fertilization. However, Chua et al. (2013b) found that A. millipora and A. tenuis were
not significantly impacted by OW and OA in combination. Both studies suggest that the
effects of OW and OA on fertilization will vary among species, as corals require
different sperm concentrations to optimize fertilization.
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After an egg is fertilized, the embryo undergoes gastrulation and eventually
develops into a ciliated planula larva that is equipped for dispersal (Richmond and
Hunter 1990). Ocean warming has been observed to increase the rate of larval
metabolism (Woolsey et al. 2013; Figueiredo et al. 2014), embryonic deformities
(Bassim et al. 2002; Negri et al. 2007), and mortality (Edmunds et al. 2001; Putnam et
al. 2008; Randall and Szmant 2009a, 2009b; Figueiredo et al. 2014; Baria et al. 2015). It
is suggested that the accelerated development may cause more errors in cell division,
increasing the rate of larval mortality (Woolsey et al. 2013). It is also possible that
mortality increases as a result of an increase in metabolism, which causes larvae to
exhaust their energy reserves before they become competent to settle (Edmunds et al.
2011; Figueiredo et al. 2014). Like OW, OA has also been found to decrease successful
embryological development (Nakamura et al. 2011). However, unlike OW, there is
evidence that OA decreases larval metabolism (Albright and Langdon 2011; Nakamura
et al. 2011). This reaction to OA seems to be species specific as Chua et al. (2013a)
found no significant effect of OA on survivorship of three species of Acropora. Only
two studies have investigated the simultaneous effects of OW and OA on larval
survivorship, and their results are species specific. Both stressors combined had no
effect on larval survivorship of A. millipora and A. tenuis (Chua et al. 2013b), but
decreased the survivorship of Pocillopora damicornis larvae (Cumbo et al. 2013). It is
clear there are numerous knowledge gaps of the effects of these two global stressors on
coral larvae while in the water column.
Larvae can swim for days before settling and seeding a surrounding reef (Harrison
2011). If the larvae survive the planktonic stage, they will then form a flattened disc for
attachment to the reef substrate upon reception of proper settlement cues (Harrison and
Wallace 1990). Ocean warming has been found to accelerate the acquisition of
competency (Nozawa and Harrison 2002; Nozawa and Harrison 2007; Figueiredo et al.
2014), increase the proportion of settlement (Randall and Szmant 2009b), as well as
increase post-settlement mortality (Randall and Szmant 2009a; Figueiredo et al. 2014).
As a result, a shorter pre-competency period may increase local retention, therefore
debilitating long distance dispersal (Nozawa and Harrison 2002; Figueiredo et al. 2014).
Contrarily, OA has been found to either decrease (Albright et al. 2010; Albright and
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Langdon 2011) or have no affect (Albright et al. 2008) the amount of larval settlement.
Altered settlement behavior may be a result of indirect effects, such as OA, limiting the
availability of settlement cues (Albright and Langdon 2011). When combined, OW and
OA have not been known to affect coral settlement (Anlauf et al. 2011; Foster et al.
2015).
1.5 Importance and Objectives
It is clear by the immense increase in the number of studies on the effects of OW
and/or OA on reef-building corals within the last few decades that this topic is
multifaceted and of great importance. Many reef-building corals spawn once or twice a
year, restricting the amount of time available for manipulative experiments. Further, the
typically large mortality rates associated with gametes and larvae present additional
difficulties when researching early life history stages of corals. Thus, there are only a few
species of corals where OA and OW have been concurrently investigated, all of which
are from the Indian and Pacific oceans. Given the inconsistent results from prior work,
more research is needed to better understand larval behavior when subjected to the
combined global stressors expected within the century.
Although coral reef recovery is critically dependent upon the success of early life
history stages, no study has examined the effects of future climate scenarios on any early
life history stage of Atlantic reef-building corals, due primarily to the difficulties rearing
and interpreting larval behaviors. Here, I follow the Atlantic coral species, Orbicella
faveolata throughout three early life history stages (fertilization, larval survivorship, and
larval settlement) when exposed to OW and OA expected for the next century in order to
investigate the following:

7

Q1: Does OW and/or OA influence Orbicella faveolata fertilization success
across various sperm concentrations?
H0: OW and/or OA has no effect on fertilization success across various
sperm concentrations.
Ha: OW and/or OA reduce fertilization success while eggs require higher
concentrations of sperm for fertilization. These effects are amplified when
stressors are combined.
Q2: Does OW and/or OA influence timing to settlement?
H0: OW and/or OA do not affect the timing to settlement.
Ha: OW decreases time to settlement. OA increases the time to settlement.
OW and OA have no effect on timing to settlement when in combination.
Q3: Does OW and/or OA influence the total percentage of settlement?
H0: OW and/or OA do not affect the total percentage of larvae settled.
Ha: OW increases the percentage of settlement. OA decreases the
percentage of settlement. OW and OA do not affect the percentage of
settlement when in combination.

8

CHAPTER 2: PUBLICATION
2.1 Introduction
Rising atmospheric carbon dioxide (CO2) has a profound effect on marine
ecosystems by altering physiochemical parameters of oceans (Doney et al. 2011).
Perhaps the most threatening consequences include ocean warming with an increase in
temperature by 0.7°C and ocean acidification with a decrease in pH by 0.1 units. Since
the Industrial revolution, anthropogenic atmospheric CO2 has increased from ~280 to 390
ppm (Solomon 2007). As atmospheric CO2 increases to 560 ppm by 2050, ocean surface
waters are expected to further increase in temperature by 1.5°C and decrease by 0.2 pH
units (Gattuso et al. 2015).
These oceanic conditions are expected to have the greatest effect on calcifying
marine organisms that thrive close to their thermal tolerance limits. Consequently,
ecosystems with calcifying, stenothermal organisms as the foundation species, such as
coral reefs, are among the most vulnerable (Hoegh-Guldberg 1999). Coral reefs face
extinction as oceans warm because they are sensitive to even a 1°C increase in
temperature (Donner et al. 2005; Hoegh-Guldberg et al. 2007). As a result of ocean
warming, the coral’s symbiotic relationship with the Symbiodinium spp. degenerates,
leading to bleaching (the expulsion of the endosymbiont allowing the white skeleton to
be visible through the coral’s translucent tissue). Bleaching can cause a range of
detrimental effects, including reductions in growth, reproduction, and survival of the
coral host (Brown 1997; McClanahan et al. 2009). Ocean acidification can also have
negative physiological effects through reduced calcification and growth due to the
reduction of oceanic carbonate ion (CO32-) concentrations (Chave and Suess 1970; Smith
and Buddemeier 1992; McCulloch et al. 2012a; Kornder et al. 2018). Both of these global
stressors reduce the resilience of corals against local stressors, such as habitat destruction,
eutrophication, sedimentation, and overfishing (Hughes et al. 2003; Pandolfi et al. 2003;
Wilkinson 2004; Hoegh-Guldberg et al. 2007). As a result, global and local threats have
contributed to a 60% decline in coral reefs worldwide, leaving the remaining one third of
all reefs at an elevated risk of extinction (Carpenter et al. 2008; Jackson 2008).
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Due to difficulties associated with rearing and interpreting larval behaviors, few
studies have focused on the effects of ocean warming or acidification on the early life
history stages of corals. Hermaphroditic, broadcast spawning coral species reproduce by
releasing gamete bundles of both sperm and eggs, which float to the surface, dissipate,
and fertilize (Harrison 2011). The fertilized egg develops into a ciliated planula larva
that remains planktonic for days before settling (Richmond and Hunter 1990; Harrison
2011). Settlement on a suitable substrate is induced by chemical cues produced by
bacterial biofilms and crustose coralline algae (CCA) (Morse et al. 1988; Sneed et al.
2014; Tebben et al. 2015). Surviving larvae form a flattened disc for attachment, and
metamorphose to form a primary polyp that begins to calcify (Harrison and Wallace
1990).
Although sexual reproduction is vital for recruitment to reefs as well as for
maintenance and enhancement of genetic diversity (Richmond 1997; Ayre and Hughes
2000), the process of external fertilization in the case of broadcast spawning, leaves
sperm and eggs exposed to the chemical composition of the surrounding ocean water
(Ritson-Williams et al. 2009). For example, temperature stress can cause embryonic
deformities (Bassim et al. 2002; Negri et al. 2007), decrease larval survivorship
(Edmunds et al. 2001; Randall and Szmant 2009a; Woolsey et al. 2013; Figueiredo et al.
2014), and accelerate the acquisition of competency (Nozawa and Harrison 2002;
Nozawa and Harrison 2007; Figueiredo et al. 2014). However, responses to ocean
warming have varied in another study which found no significant effect on larval
survivorship or settlement (Ross et al. 2013). Likewise, ocean acidification has been
found to decrease fertilization (Albright et al. 2010; Morita et al. 2010), settlement
(Albright et al. 2010), and post-settlement growth (Albright et al. 2010; Morita et al.
2010; Suwa et al. 2010), while responses have varied in other studies in which ocean
acidification had no impact on fertilization (Chua et al. 2013a), larval survivorship
(Chua et al. 2013a; Baria et al. 2015), or settlement (Foster et al. 2015).
Although ocean acidification and warming are predicted to occur simultaneously,
few studies have investigated the combined effects of these stressors on the early life
history stages of broadcast spawning corals. To date, these have only focused on corals
10

of the Indian and Pacific oceans and have found that the concurrent exposure to both
stressors decreases fertilization or causes eggs to require higher concentrations of sperm
for fertilization (Albright and Mason 2013). However, these stressors have shown no
effect on larval survivorship (Chua et al. 2013b; Baria et al. 2015) or settlement (Foster
et al. 2015). The ability of corals in the Western Atlantic to tolerate these combined
conditions during the earliest life history stages is currently unknown. Here we report
the independent and combined effects of ocean warming and acidification on the early
life history stages of a threatened reef-building coral, Orbicella faveolata (Ellis and
Solander 1786; NMFS 2014). Our research is unique in that we investigate the effects of
these stressors on multiple consecutive early life history stages including fertilization,
larval survivorship, and settlement on a Western Atlantic coral species. Understanding
the most vulnerable early life history stages of corals is the first step in protecting these
fragile, highly biodiverse, and environmentally critical coral reef ecosystems.
2.2 Methodology
2.2.1 Gamete Collection
Gamete bundles from five Orbicella faveolata colonies were collected from the
Meso-American Barrier Reef in Belize (16°48’06.0”N, 88°04’57.9”W) on September
12th, 2017. These colonies spawned 200 to 215 minutes after sunset, six days after the
full moon. Colonies selected for collection were at least 5 m apart. Bundles were
transferred to the laboratory for separation of sperm from eggs. Investigating O.
faveolata is particularly important, as it is an essential reef building species that is listed
as threatened under the U.S. Endangered Species Act (NMFS 2014), and its early life
history response to global stressors remains unknown.
2.2.2 Fertilization
We employed four different treatments based off of the ambient temperature and
pH of the reef in September of 2017 and the ‘business as usual’ RCP8.5 scenario
projections predicted by year 2050 (Gattuso et al. 2015). The four treatments included (1)
AMB: ambient temperature/ambient pCO2, (2) OW: high temperature/ambient pCO2, (3)
OA: ambient temperature/high pCO2, and (4) OAW: high temperature/high pCO2 (Table
1). All fertilization assays were conducted in 100mL glass jars. Each of the four
11

treatments had one water bath maintained at the appropriate temperature. The proper pH
was achieved by bubbling CO2 into 0.2µL filtered seawater and distributing 60mL of pH
treated seawater to each jar immediately before introducing the gametes. As Albright and
Mason (2013) found that eggs required higher concentrations of sperm for fertilization in
ocean acidification and warming conditions, we created serial dilutions of sperm for each
O. faveolata cross in order to determine the optimal sperm concentration for each
treatment. To do so, 3mL of sperm was added to the first of a series of three jars to create
a serial dilution of sperm concentrations. The first jar was mixed and then 3mL was
transferred to the second jar; this process was repeated for the third jar. Approximately
200 eggs were added to each jar of various sperm concentrations for a total of six crosses
between O. faveolata individuals. Two of the crosses were reciprocals, meaning egg and
sperm from a single colony was mixed in both directions (Table 1). Every 30 minutes
throughout fertilization, three jars containing gametes were monitored for pH and
temperature. These jars were not included in our dataset because of concerns that the pH
measurements might alter fertilization success. Controls consisted of eggs only to
confirm that no fertilization had occurred in situ before gametes were separated and
subjected to treatments. After three hours, the number of fertilized and unfertilized eggs
within each jar was determined using a dissecting microscope. The three jars for each of
the six crosses were pooled and reared in 400mL polypropylene tripour beakers. These
tripours were housed in 18.9L buckets with corresponding treatment conditions (details in
next section). Each tripour, which had a mesh bottom to allow for the flow of treated
seawater, was placed on an eggcrate shelf so that just the top remained above the water.

Table 1. O. faveolata individuals used to make six crosses for
experimentation.
Cross
Female
Male
1
A
B
2
B
A
3
C
A
4
D
E
5
B
E
6
E
B
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2.2.3 Larval Survivorship
Larval survivorship was assessed
in 18.9L buckets with three independent
replicates per treatment. All buckets were
initially filled with seawater collected
from the backreef (1m depth) and the OA
and OAW buckets were dosed with CO2
gas (using a pH stat system) to achieve
appropriate treatment conditions. A main
computer (Aqua Medic) monitored pH
inside the OA and OAW buckets using a
lab grade double junction pH probe
(Neptune Systems) and pH was adjusted
with the periodic bubbling of 100%
gaseous CO2 via magnetic solenoids.
AMB and OW buckets did not receive a

Figure 1. Treatment buckets depicting six
flow through tripours for survivorship and
settlement experiments, a) settlement tiles in
each tripour, b) a heater to maintain
temperature, and c) a pH probe to maintain
pH.

pH probe, and thus were not connected
to the Aqua Medic controller. The pH in these buckets was independently monitored and
manually adjusted twice a day with small additions of sodium hydroxide solution to
maintain ambient pH levels. Heaters were used to elevate temperature within the OW and
OAW buckets (Table 2). All buckets contained an air stone to circulate the water. The pH
(NBS scale) and temperature were measured three times per day with an Orion Ross
combination electrode to ensure proper calibration and setpoints of the pH stat system.
Embryos from the fertilization experiment were reared for 32 hours in tripours in the
treatments, after which, 50 larvae were counted out and placed back into the tripours. The
treatment that the larvae were exposed to in the fertilization experiment remained the
same throughout the larval survivorship and settlement experiments. Each tripour
corresponded to a fertilization cross for a total of 6 tripours per bucket (Fig. 1). Surviving
larvae in all tripours were counted daily over an additional five days.
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2.2.4 Settlement
As recruitment to suitable
substrates is induced by chemical
settlement cues (Morse et al. 1988;
Sneed et al. 2014; Tebben et al. 2015),
aragonite settlement disks (2.5cm in
diameter) were preconditioned in close
proximity to the reef for the 2 months
prior to experimentation in order to
acquire settlement cues. One disk was
placed in each of the tripours (Fig. 1)
starting the first day of the survivorship
experiment. The number of swimming

Figure 2. Microscopic view of a a)
settler that is stuck and b) recruit that is
metamorphosed to the aragonite tile.

larvae, settlers (attached to the tile), and recruits (metamorphosed on tile) were counted
each day using a dissecting microscope (Fig. 2).
2.2.5 Data Analysis
Treatment parameters for the fertilization, survivorship, and settlement
experiments were each tested with a one way ANOVA. Parametric assumptions were not
met so we instead analyzed the data using a Kruskal-Wallis rank sum tests. The effect of
treatment on fertilization was analyzed with an ANCOVA with sperm concentration as a
covariate. The effect of cross on fertilization was analyzed using a one way ANOVA and
then Kruskal-wallis rank sum test when parametric assumptions were not met. The
effects of treatment and cross on the time to death was analyzed using a Cox model and
log rank test. The time to settlement was tested using a Mantel-Haenszel log-rank test.
2.3 Results
2.3.1 Experimental Conditions
The chemical conditions of the fertilization, larval survivorship, and settlement
experiments were monitored daily. Treatments remained stable throughout
experimentation (Table 2&3).
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Table 2. Summary of experimental conditions (means ± SE) across fertilization and
survivorship and settlement experiments.
Temperature (°C)
Treatment
pHNBS
Fertilization Experiment Sep. 12th-13th 2017
AMB
28.28 ± 0.13
8.19 ± 0.001
OA
28.30 ± 0.13
8.01 ± 0.003
OW
29.86 ± 0.17
8.19 ± 0.001
OAW
29.86 ± 0.14
8.01 ± 0.003

Salinity (ppm)

Survivorship and Settlement Experiment Sep 14th-19th 2017
AMB
28.81 ± 0.08
8.20 ± 0.01
OA
28.95 ± 0.08
8.02 ± 0.01
OW
30.35 ± 0.07
8.20 ± 0.01
OAW
30.28 ± 0.08
8.03 ± 0.01

35.33 ± 0.27
35.00 ± 0.00
35.33 ± 0.27
35.66 ± 0.27

Table 3. Kruskal-Wallis rank sum test results of chemical conditions during the
fertilization and larval survivorship and settlement experiments.

Fertilization

Temperature
pH

AMB
a
a

Survivorship
+ Settlement

Temperature
pH

a
a

Treatment
OA
OW
a
b
b
a
a
b

b
a

OAW
b
b

χ2
17.34
39.18

df
3
3

P
<0.001
<0.001

b
b

126.72
122.28

3
3

<0.001
<0.001

2.3.2 Fertilization
Six crosses were created using five O. faveolata individuals to investigate the
effect of treatment on fertilization success (Table 1). Each cross was formed using three
different concentrations of sperm to determine the optimal concentration for fertilization.
Treatment alone did not affect fertilization. Fertilization was significantly higher with
higher sperm concentrations (Table 4; Fig. 3). There was little evidence of polyspermy
(i.e., decreased fertilization at the highest sperm concentrations from developmental
failure after more than one sperm fertilizes an egg). The cross of O. faveolata individuals
significantly affected fertilization success (Fig. 4; Kruskal-Wallis: χ2 = 44.83, df = 5, p =
1.57x10-8).

15

100

Fertilization (%)

80

60

40

20

0
4

4.5

5

5.5

6

6.5

7

7.5

8

Sperm Conc. (Log)
AMB

OA

OW

OAW

Figure 3. Effect of treatment on fertilization success of Orbicella faveolata.

Table 4. ANCOVA results of fertilization experiment.
Source
Log Sperm
Treatment
Error
Total

df
1
3
55
59

SS
4013.997
859.3733
18089.01
22707.64

ms

F
12.2046
0.8659

P
0.009
0.2644

328.89

Average Fertilization (%)
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Figure 4. Effect of cross on fertilization success (means ± SE) of Orbicella faveolata.
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2.3.3 Larval Survivorship
All six crosses from the fertilization experiment were maintained within the same
treatments for six days post spawn. The cross of O. faveolata individuals significantly
affected larval survivorship (Fig. 5; Cox model: z = -2.44, p = 0.0147).

Average Survival (%)

20

15

10

5

0
A♀+B♂

B♀+A♂

C♀+A♂

D♀+E♂

B♀+E♂

E♀+B♂

Cross
AMB

OA

OW

OAW

Figure 5. Effect of cross on larval survivorship (means ± SE) of Orbicella faveolata
on the 7th day post spawn.

Treatment also had a significant effect on survival of O. faveolata larvae (Fig. 6A;
Cox model: z = -20.80 p < 0.01). OA did not significantly differ from AMB (Log-Rank
test, p = 0.42), while OW caused complete mortality by the 7th day, making the effect of
ocean warming significantly different from all other treatments (Log-Rank test, p <
0.0001). Increasing CO2 partially mitigated this detrimental effect of OW in the
combined treatment, such that OAW was significantly different from all other treatments
(Log-Rank test, p < 0.0001). As a result, larval survivorship in OAW was 415% higher
three days after spawning and 567% higher six days after spawning than in OW. Still, the
combined treatment exhibited less than half of the survivorship seen in the AMB
treatment.
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Figure 6. Survival (means ± SE) of Orbicella faveolata depicting percentage of a) total
survival, b) swimmers, c) settlers, and d) recruits for each treatment.
2.3.4 Settlement
Settlement in terms of total settlers (Fig. 6C) plus total recruits (Fig. 6D) were
counted daily for six days post spawn. Treatment had a significant effect on O. faveolata
settlement (Fig. 7; Mantel-Haenszel: χ2 = 59.9, df = 3, p = 6.06x10-13). Settlement was
highest in AMB and significantly differed from the OA (Log-Rank test, p = 4.3x10-5),
OAW (p = 4.3x10-5), as well as OW (p = 6.8x10-14) treatments. The temperature stress
treatment completely inhibited settlement. OA caused settlement to decrease by
approximately half compared to the AMB treatment. Interestingly, OA partially mitigated
the negative effects of OW in the combined treatment, making settlement statistically
similar between the OA and OAW treatments (p = 0.978).
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Figure 7. Total of Orbicella faveolata settlers plus recruits (means ± SE) across each
treatment for seven days post spawn.

2.4 Discussion
It is not surprising that reef-building corals are sensitive to ocean warming and
acidification as these organisms naturally live near their upper thermal tolerance limits
(Hoegh-Guldberg 1999) and rely on a carbonate saturation state above 4 for calcification
(Kleypas et al. 1999; Doney et al. 2009). What remains less understood is the ability of
reef-building corals to cope with ocean acidification and warming during their earliest
life history stages. This project investigated the effects of ocean warming and
acidification predicted for 2050 on the Western Atlantic coral, Orbicella faveolata. Prior
to this study, nothing was known about this important reef-building species’ ability to
withstand these two global stressors in its early life. As coral species worldwide are faced
with mass extinction (Burke et al. 2011) and replenishment of coral populations relies
heavily on successful reproduction and recruitment to the reef (Richmond 1997; Hughes
and Tanner 2000), it is critical to understand the influence of global climate change
during the earliest life history stages.
Fertilization was not affected by ocean acidification, warming, or the combination
expected by year 2050. Previous studies on other species have revealed contrasting
results, suggesting that fertilization success under global environmental stressors may be
species specific (Albright et al. 2010; Morita et al. 2010; Albright and Mason 2013; Chua
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et al. 2013b), as demonstrated for some invertebrates (Byrne and Przeslawski 2013).
Therefore, if some species are more resilient than others, ocean acidification and
warming may influence faunal shifts, community function, and species invasion (Gibson
et al. 2011). This study also highlights the significant effects of different crosses of O.
faveolata individuals on fertilization success. It is therefore possible that a history of
environmental stress of the parental individuals chosen for this study may influence
gametic quality (Michalek-Wagner and Willis 2001; Omori et al. 2001; Ward et al. 2002)
or genetic differences may influence gametic compatibility (Negri et al. 2007; Baums et
al. 2013). In addition to natural differences between species and individuals, these
varying responses may have occurred as a result of discrepancies between methodologies.
Consequently, it is vital for future studies to employ ocean acidification and warming
treatments based on projections from the same time period in the future. Like Albright
and Mason (2013), our current study also supports the importance of testing varying
sperm concentrations as higher concentrations of sperm allowed for greater O. faveolata
fertilization success. If O. faveolata populations further decline so that sperm availability
in the water column becomes limiting, fertilization success may act as a bottleneck,
preventing population maintenance and growth (Pennington 1985; Levitan and Petersen
1995). The success of sperm is also influenced by in situ factors, such as wind, current,
and time after spawning. When these in situ factors are unfavorable, sperm concentration
and/or fertilization rates become limiting for most broadcast spawning sessile organisms
(Levitan and Petersen 1995), a concept that is largely understudied because in situ
fertilization studies are difficult to accomplish.
Difference in O. faveolata crosses significantly affected larval survivorship. It is
therefore perhaps a difference in parental health or genotype that continues to impact
larval success after fertilization. These results highlight the importance genotypic
diversity on the reef as well as testing multiple individuals in future studies. Treatment
also had a significant effect on larval survivorship demonstrating that both cross and
treatment interact to impact larval success. Ocean warming caused 100% mortality by the
end of the experiment. Previous studies that investigate ocean warming on coral larvae
mostly complement these results as temperature stress has been found to reduce larval
survivorship (Edmunds et al. 2001; Randall and Szmant 2009a, 2009b; Chua et al. 2013b;
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Cumbo et al. 2013). Figueiredo et al. (2014) suggest that the metabolism of larvae is
augmented as a result of increased enzymatic activity in higher temperatures. Larvae can
therefore exhaust their energy reserves prior to settlement, leading to mortality. On the
other hand, larval survivorship of O. faveolata was not affected by ocean acidification.
These results are comparable to previous studies, suggesting that the larvae of multiple
species of broadcast spawning corals can better cope with ocean acidification compared
to their adult stages when calcification occurs (Suwa et al. 2010; Nakamura et al. 2011;
Chua et al. 2013b; Baria et al. 2015). However, it is possible that the metabolism of
larvae decreases with ocean acidification (Albright and Langdon 2011). Larval
survivorship of O. faveolata in the combined treatment representing predictions for 2050
was 41% of the survivorship from the ambient pH and temperature of 2017. It is perhaps
the balance of an increased metabolism from ocean warming and lowered metabolism
from ocean acidification that allows the combined treatment to partially mitigate the high
mortality found in the ocean warming treatment.
Ocean acidification reduced settlement by about half compared to the ambient
treatment, which is supported by previous studies where settlement was greatly reduced
by ocean acidification (Albright et al. 2010; Albright and Langdon 2011; Doropoulos et
al. 2012; Doropoulos and Diaz-Pulido 2013). Two of these studies suggest this reduction
in settlement could be attributed to a disruption in the interactions between the microbes
located on the substrate and larvae (Doropoulos et al. 2012; Doropoulos and Diaz-Pulido
2013). As ocean acidification allowed for high survivorship but decreased settlement, it is
also possible that the Orbicella faveolata larvae were sluggish to settle and may have
eventually settled. This hypothesis is further supported by Albright and Langdon (2011)
who suggest that ocean acidification reduces larval metabolism, making them slower to
settle. Contrarily, ocean warming completely inhibited all settlement of O. faveolata.
These results are more extreme than other studies in which the proportion of settlement
decreased (Randall and Szmant 2009a, 2009b) or the time to competency was shortened
(Nozawa and Harrison 2002; Nozawa and Harrison 2007; Figueiredo et al. 2014). It is
possible that the increased metabolism of O. faveolata in higher temperatures caused the
larvae to prematurely exhaust energy reserves required for settlement. Once again, ocean
acidification partially mitigated this negative impact of ocean warming on settlement in
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the combined treatment. The possible reduction in larval metabolism caused by ocean
acidification may have helped to balance the heightened metabolism caused by ocean
warming such that the larvae did not completely exhaust their energy reserves before
settlement.
The work demonstrates how Orbicella faveolata may respond to warmer, more
acidic conditions that are expected for 2050. Our data suggests that fertilization may not
be directly impacted by these global stressors. However, if adult populations continue to
decline, the availability of sperm may limit fertilization success regardless of oceanic
conditions. Larval survivorship will be greatly reduced by future oceanic conditions. If
the bottleneck for the persistence of this species becomes embryonic thermal tolerance,
then the question of compromised settlement may no longer be relevant. Regardless,
settlement for this species in both ocean acidification and warming projected for 2050
was approximately half of the settlement that was during the present day. Overall, a
reduction in the success of early life history stages will greatly impact the ability of these
corals to survive, reproduce, and recruit to the reef. If more species of corals experience
similar responses to these global stressors, the already decimated Caribbean reefs will be
further forced into decline.
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CHAPTER 3: DISCUSSION
3.1 Importance
As corals live close to their upper thermal tolerance limits (Hoegh-Guldberg
1999) and rely on carbonate saturation for calcification (Doney et al. 2009), ocean
acidification and warming represent two of the largest threats to coral reef organisms.
Although populations of adult corals have declined by 60% worldwide (Carpenter et al.
2008; Jackson 2008), it is not well understood how these global stressors impact corals in
the earliest, and potentially most vulnerable life history stages. This project investigated
the effects of ocean acidification and warming predicted for 2050 on the Western Atlantic
coral, Orbicella faveolata. This is the first experiment to examine the effects of both
stressors on any early life history stage of this important reef building species. The
comparison of the results of this study to others provide insight on species specific
responses to these global stressors and how a shift in community structure may be
possible in the future. As replenishment of coral populations relies heavily on successful
reproduction and recruitment to the reef (Richmond 1997; Hughes and Tanner 2000),
research could not be of greater importance at this vulnerable time of mass coral reef
extinction (Burke et al. 2011).
3.2 Fertilization
Fertilization was the first early life history stage of O. faveolata investigated in
this study. The ability of eggs to become fertilized was not affected by OW, OA, or the
combination expected by year 2050 (Fig. 3). Chua et al. (2013b) also found that these
stressors had no effect on two acroporid species native to the Indo-Pacific. These
complimentary results suggest that fertilization may not be the bottleneck early life
history stage of multiple species. Contrarily, two previous studies found that OA
decreases fertilization of Acropora digitifera by reducing sperm motility (Morita et al.
2010; Nakamura et al. 2011). As treatment had no effect on O. faveolata fertilization, it
does not appear as though these stressors impacted male gametic success. Further, OA
was found to decrease fertilization of Acropora palmata (Albright et al. 2010), while both
OW and OA decreases fertilization of Acropora tenuis (Albright and Mason 2013). The
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results of these studies suggest that the effects of global stressors, such as ocean
acidification and warming may be species specific.
Although high fertilization success was achieved across all treatments, variability
in fertilization between O. faveolata crosses indicates that some parental colonies
produced more successful gametes than others (Fig. 4). This may be due to genetic
differences (Negri et al. 2007; Baums et al. 2013) or a history of environmental stress
(Szmant and Gassman 1990; Michalek-Wagner and Willis 2001; Omori et al. 2001; Ward
et al. 2002) of the parental individuals. Though these adult colonies appeared healthy
while spawning, it is possible OW or OA impacted the early life history stages of corals
prior to spawning by affecting gamete production. It is also possible that dissimilarities of
results may have occurred from discrepancies in methodologies. It is essential for future
studies to employ OW and OA treatments based on projections from the same time
period in the future to allow for comparisons. Testing multiple sperm concentrations is
also important for study comparison. For example, Chua et al. (2013b) found that
Acropora millepora fertilization was lower at 29°C compared to 27°C. However, this
study only investigated one concentration of sperm for fertilization, making it difficult to
compare their conclusions with this current study.
Regardless of treatment, the concentration of sperm significantly affected
fertilization success of O. faveolata with greater fertilization occurring at the highest
sperm concentrations (Fig. 3). Typically, sperm is not motile until it encounters eggderived compounds while drifting throughout the water column in close proximity to
eggs (Morita et al. 2006). These compounds attach to the sperm and cause a cascade of
reactions to initiate motility (Coll et al. 1994; Morita et al. 2006). These reactions depend
on the internal pH of the sperm; therefore, it is through these processes in which OA can
impact sperm success. As a result of this mechanism, Morita et al. (2010) found that OA
decreased sperm motility of Acropora digitifera. The fertilization of O. faveolata, on the
other hand, was not affected by OA. This may be because we used pH projections for
2050 compared to more extreme OA treatments for 2100. Contrarily, not much is
understood about the ability of coral sperm to endure thermal stress. Though higher
temperatures increase sperm activity in different invertebrates (Byrne 2010), Negri et al.
24

(2007) did not find an effect of temperature on coral sperm motility. As the fertilization
of O. faveolata was not impacted by temperature stress, it is possible that the sperm of
this species was also not impacted by OW. It is important to note that even though OW
and OA did not impact fertilization in this study, it is possible that an increase in stressor
intensity by the end of the century may have more severe consequences for fertilization.
Finally, according to Edwards and Richardson (2004), an increase in temperature or
acidity may induce adult corals to spawn earlier in the year. This may cause
complications as abundances of predators or competitors may be greater during this time
(Harley et al. 2006).
3.3 Larval Survivorship
Difference in cross significantly impacted O. faveolata larval survivorship (Fig.
5). These results suggest that differences in parental health or genetics not only impact
coral gametes during fertilization, but also continue to impact the survival of larvae days
after fertilization. It is therefore vital for future populations to be genetically diverse to
increase the likelihood of withstanding future global stressors to maintain recruitment to
Caribbean reefs. In addition, it is often that the difference in cross success is overlooked
as many studies are conducted from batch cultures. Our findings highlight the importance
of conducting future studies using multiple individuals to better understand how whole
reef populations may be impacted by future stressors.
Larval survivorship of O. faveolata was not affected by OA (Fig. 6A). These
results are comparable to previous studies, suggesting that the larvae of multiple species
of broadcast spawning corals can cope with OA better than their calcifying adult stages
(Suwa et al. 2010; Nakamura et al. 2011; Chua et al. 2013b; Baria et al. 2015). However,
Cumbo et al. (2013) found that OA decreases survival of Pocillopora damicornis, and
propose that coral species with longer pelagic durations may be more severely impacted
by global stressors. OA has also been found to reduce the metabolism of coral larvae,
thus slowing their rate of development (Suwa et al. 2010; Albright and Langdon 2011;
Nakamura et al. 2011). OW, on the other hand, caused 100% mortality of O. faveolata by
day seven (Fig. 6). These results complement prior studies in which temperature stress
reduced larval survivorship (Edmunds et al. 2001; Randall and Szmant 2009a, 2009b;
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Chua et al. 2013b; Cumbo et al. 2013). Figueiredo et al. (2014) suggest that the
metabolism of larvae augments due to increased enzymatic activity in higher
temperatures. Although heightened metabolism quickens the rate of development, this
process also causes higher rates of mortality as larvae exhaust their energy reserves
before settlement. Interestingly, larval survivorship in the OAW treatment was 41% of
the survivorship in the ambient treatment by day seven (Fig. 6A). It is therefore perhaps
the balance of metabolism that allows OA to partially mitigate the increased mortality
caused by OW in the combined treatment. These results indicate that some O. faveolata
larvae may be able to survive future oceanic conditions expected for 2050 as both OW
and OA serve as concurrent stressors. However, it is still unclear the long term or latent
effects of OAW has on early post-settlement survival.
3.4 Settlement
Ocean acidification reduced settlement to 52% compared to the ambient treatment
by day seven (Fig. 7), which is supported by previous studies where settlement was
greatly reduced by ocean acidification (Albright et al. 2010; Albright and Langdon 2011;
Doropoulos et al. 2012; Doropoulos and Diaz-Pulido 2013). Two of these studies suggest
that this reduction in settlement could be attributed to a disruption in the interactions
between the microbes located on the substrate and larvae (Doropoulos et al. 2012;
Doropoulos and Diaz-Pulido 2013). As OA allowed for high survival but decreased
settlement (Fig. 6D and 7), it is also possible that the Orbicella faveolata larvae were
slow to or did not get the chance to settle. This hypothesis is further supported by
Albright and Langdon (2011) who suggest that OA reduces larval metabolism, making
the initiation to settlement more sluggish. Therefore, future studies should investigate
settlement over a longer period of time to account for slower settlement. Unlike OA, OW
completely inhibited all settlement of O. faveolata. It is possible that the increased
metabolism of O. faveolata in higher temperatures causes the larvae to prematurely
exhaust energy reserves required for settlement. These results are more extreme than
other studies in which the proportion of settlement decreased (Randall and Szmant 2009a,
2009b) or the time to competency was shortened (Nozawa and Harrison 2002; Nozawa
and Harrison 2007; Figueiredo et al. 2014). Figueiredo et al. (2014) suggest that a
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heightened metabolism increases larval rate of development, forcing larvae to settle
faster. This reaction to OW causes the dispersal distances to decrease, thus increasing
local retention of coral reefs. Although the magnitude of the impact of OW depends on
the species studied, it is clear that a change in metabolism by either OA or OW greatly
impacts community wide dynamics. Finally, OA partially mitigated the negative impact
of OW on settlement in the OAW treatment. The possible reduction in larval metabolism
caused by ocean acidification may have helped to balance the quickened metabolism
caused by ocean warming such that the larvae did not completely exhaust their energy
reserves before settlement. However, as the success of Orbicella species reproduction
decreases following mass bleaching events (Levitan et al. 2014), and bleaching events are
predicted to increase to 100% with an increase in 3°C (Berkelmans et al. 2004), it is
reasonable to believe that ocean acidification and warming conditions in 2100 will be too
severe to allow for successful reproduction of O. faveolata. It is also important to note
that even though OA helped to partially mitigate the effects of OW, it has been well
documented that OA has deleterious effects on coral calcification.
3.5 Species Specific Responses
It is clear from comparing the results of this study to previous studies that
responses to both ocean warming and ocean acidification are species specific; there is
still no general consensus of predictable outcomes of these two global stressors on coral
early life history stages. The magnitude of this impact for each species seems to vary
based on different factors. For example, various species of corals spend longer durations
of time in the larval survivorship early life history stage. As coral larvae are typically
confined to the top meter of the water column after fertilization where they experience
large fluctuations in daily temperature and carbonate chemistry (Gilmour et al. 2009), it
is possible that these species of larvae are better equipped to cope with a wider range of
temperature and pH (Foster et al. 2015). Further, species with shorter larval stages are
less affected by ocean acidification (Widdicombe and Spicer 2008). Not only does
endurance depend on different durations of early life history stages, but also on
geographical location. Surprisingly, heat tolerant middle and high intertidal corals may be
more vulnerable to climate change than species that are deeper and less heat tolerant.
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This trend can also be seen when comparing low and high latitude species. Typically,
species that are closer to their thermal tolerance window do not quickly adapt to
temperatures outside of this window over a prolonged period of time (Harley et al. 2006).
In fact, corals of the Arabian Gulf can tolerate a range of 20°C where most tropical reef
species can only tolerate a range of 5-7°C (Coles and Jokiel 1977; Schoepf et al. 2015).
Foster et al. (2015) suggests that these trends of thermal plasticity in adults may extend to
early life history stages of corals.
Species specific responses to ocean acidification and warming have also been
seen in other marine organisms (Kurihara 2008; Byrne and Przeslawski 2013). The
planktonic and early life history stages of these organisms are particularly vulnerable to
these global stressors (Pechenik 1987; Gosselin and Qian 1997). In general, it appears as
though thermal stress increases the metabolism of species until a lethal threshold in
temperature or duration of exposure is reached (Pechenik 1987; Byrne 2010). Ocean
acidification typically reduces growth and survival (Byrne and Przeslawski 2013).
However, there have been many studies that show adverse reactions to OA. As examples,
the survivorship of some gastropod species has been found to increase (Davis et al.
2013), Amphibalanus improvises has displayed greater shell strength (Pansch et al. 2013),
Saccostrea glomerata shows increased growth (Parker et al. 2010), and crustacean larvae
appear to be fairly resilient (Byrne and Przeslawski 2013) in elevated temperatures.
Likewise, larval crustaceans, as well as juvenile amphipods, barnacles, and crabs appear
more tolerant to ocean acidification (Byrne and Przeslawski 2013). According to
Widdicombe and Spicer (2008), smaller bodied organisms may be more vulnerable to
OA within a generation; however, larger bodied species will be more susceptible
throughout evolutionary timescales. From these various responses, it seems as though
there may be winners as well as losers in future oceanic conditions. If some species are
more resilient than others, future ocean acidification and warming may influence faunal
shifts, community function, and species invasion (Gibson et al. 2011).
3.6 Conclusions
The study of the early life history stages of corals is challenging for researchers
worldwide. This topic is well under examined and therefore less understood, so
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methodologies have greatly varied from study to study. All of the experiments conducted
to date utilize different predictions for future environmental stressors to investigate their
effects on corals, making it extremely difficult to compare conclusions across studies. It
is therefore of utmost importance that forthcoming studies examining the effects these
two global stressors on corals utilize OW projections that complement OA projections for
the same future time period as the effects of these stressors interact to impact corals. This
study also highlights the importance of employing a greater magnitude of sperm
concentrations for fertilization, as well as testing settlement for a longer duration. These
factors should be incorporated in future studies so that researchers can continue to prefect
methodologies.
This current study is the first to investigate the impacts of both ocean warming
and ocean acidification on an Atlantic coral species. Our data suggests that fertilization
may not be directly impacted by these global stressors. However, if adult populations
continue to decline, the availability of sperm may limit fertilization success. Further,
Orbicella faveolata larval survivorship is expected to decline by more than half by 2050.
If the bottleneck for the persistence of this species becomes embryonic thermal tolerance,
then the question of comprised settlement may no longer be relevant. Regardless,
settlement for this species in both OW and OA declined by half in the projected 2050
scenario. All three of the early life history stages investigated in this study were greatly
impacted by future global stressors. A reduction in the success of early life history stages
will greatly impact the ability of these corals to survive, reproduce and recruit to the reef.
In comparison to other studies, it appears that the effect of these stressors is species
specific. If other coral species experience similar responses to these global stressors,
Caribbean reefs will likely be subject to additional decline. More research on the effects
of both ocean acidification and warming on early life history stages of a diverse array of
coral organisms is absolutely vital at this pivotal time in climate history in order to
understand the future of the world’s coral reefs.
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Appendix A. Summary of studies on the response of coral early life history stages to ocean warming (OW) and ocean acidification (OA).
Author
Year
Journal
Genus
Species
Spawn
Development
Temperature Atmospheric Findings
Type
Stage
(°C)
CO2 (µatm)
Edmunds et
2001
Mar.
Porites
astreoides
Brood
Larval
26, 28, and
*
Highest temperature treatments increased
al.
Biol.
survivorship,
33
mortality and metamorphosis. No treatment
motility, and
significantly impacted motility. Highest and
development
lowest treatments reduced gross
photosynthesis. Photosynthesis/respiration
ratio decreased to <1 in highest treatment.
Bassim et al.
2002
Mar.
Psuedostrigosa
Broadcast Fertilization,
30, 31, and
*
Fertilization was high for all treatments.
Biol.
diploria
development
32
Higher temperatures caused more larval
abnormalities.
Nozawa and
2002
ICRS
Platygyra
daedalea
Broadcast Settlement
27 and 29
*
Elevated treatment accelerated the acquisition
Harrison
of competency and larval attachment.
However, time to maximum larval
settlement-competency period was delayed.
Negri et al.
2007
Coral
Acropora
millepora
Broadcast Fertilization,
25.5-34.1
*
All species had high fertilization and normal
Reefs
Favites
abdita
development
development at all temperatures until the 5th
Favites
chinensis
cell cleavage. Acropora millepora was the
Mycedium
elephantotus
only species that had reduced fertilization and
more deformities at higher temperatures.
Nozawa and
2007
Mar.
Acropora
solitaryensis Broadcast Settlement, post20, 23, 26,
*
Time to competency was shortened at higher
Harrison
Biol.
settlement
and
29
temperatures for both species. F. chinesis
Favites
chinensis
Broadcast
displayed low post-settlement mortality
across all treatment. Post-settlement mortality
of A. solitaryensis was approximately 90% in
the highest temperature treatment.
Putnam et al. 2008
Bio.
Stylophora
pistillata
Brood
Settlement
23, 25, and
*
OW increased the number of larvae settling
Bulletin
29
on CCA 7-fold, reflecting a temperaturemediated choice over plastic or limestone.
Maximum quantum yield of PSII was 4%
lower in larvae compared to parents.
*Not Tested
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Appendix A. Continued
Author

Year

Journal

Genus

Species

Spawn
Type

Development
Stage

Temperature
(°C)

Atmospheric
CO2 (µatm)

Findings

RodriguezLanetty et al.

2009

Mol.
Eco.

Acropora

millepora

Broadcast

Larval
survivorship

24, 28, and
31

*

Randall and
Szmant

2009a

Coral
Reefs

Favia

fragum

Brood

Survivorship,
settlement

28, 29, and
31

*

Randall and
Szmant

2009b

Bio.
Bulletin

Acropora

palmata

Broadcast

Development,
survivorship,
settlement

27.5, 28, 30
and 31.5

*

Putnam et al.

2010

Invert.
Biol.

Pocillopora
Seriatopora

damicornis
hystrix

Both
Brood

Larval
survivorship

21, 28 and
30

*

Edmunds et
al.

2011

Exp.
Biol

Pocillopora
Seriatopora
Stylophora

damicornis
hystrix
pistillata

Both
Brood
Brood

Larval release,
larval
survivorship

26.4-29.6

*

Ross et al.

2012

Coral
Reefs

Porites

astreoides

Brood

Laval
survivorship,
settlement, and
metamorphosis

27 and 30

*

Expression of heat shock proteins increased
while fluorescent protein expression
decreased when subjected to OW. Heat stress
may compromise coral immune defense in
the larval stage. Oxidative stress genes may
require the presence of algal symbiont
reactive oxygen species.
Survivorship decreased 13% after 156 hrs at
the highest temperature. Survivorship of
settled larvae decreased by 27%.
Development accelerated causing
abnormalities. The highest mortality occurred
during gastrulation. Survivorship decreased
8-fold at higher temperatures. Settlement (%)
decreased at higher temperatures.
Larvae varied in size, Symbiodinium content,
and quantum yield of photosystem II,
suggesting that adults may produce broods of
functionally variable larvae in order to
combat unusual environmental conditions.
Peak larval release and the thermal threshold
for respiration coincided. Respiration rates
were highest at 28°C and decreased
thereafter. More than half of the larvae
studied were released between a narrow
temperature range (27.5-28.9°C).
Higher temperatures did not affect larval
survivorship, settlement, or metamorphosis.
Respiration or photochemical efficiency was
not affected by high temperatures.

*Not Tested
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Appendix A. Continued
Author

Year

Journal

Genus

Species

Spawn
Type

Development
Stage

Temperature
(°C)

Atmospheric
CO2 (µatm)

Findings

Woolsey et
al.

2013

MEPS

Acropora
Goniastrea

spathulata
favulus

Broadcast
Broadcast

Development,
larval
survivorship

20, 22, 24,
26, and 28

*

Figueiredo et
al.

2014

NCC

Cyphastrea
Acropora
Favites

japonica
millepora
stylifera

Broadcast
Broadcast
Broadcast

Development,
larval
survivorship,
settlement

27, 29, and
31

*

Albright et
al.

2008

Coral
Reefs

Porites

astreoides

Brood

Settlement, postsettlement

*

380, 560,
and 720

Albright et
al.

2010

PNAS

Acropora

palmata

Broadcast

Fertilization,
settlement and
post-settlement
growth

*

400, 560,
and 800

Suwa et al.

2010

Fish.
Science

Acropora

spp.

Broadcast

Survival, and
post-settlement

*

400–475
905–1660
2115–3585

Temperature treatments below ambient did
not significantly affect larval survivorship.
Larvae took significantly less time to become
motile at higher temperatures. Each species
displayed differences in survivorship
suggesting A. spathulata larvae are more
sensitive to OW than G. favulus.
Higher temperature accelerates development
(shorter pre-competency time). Local
retention and mortality increase with
increasing temperature. Local retention time
is also augmented for species with a longer
time to competency and larger eggs.
Settlement (%) was not affected by high OA
treatments. However, mid and high OA
treatments decreased post-settlement skeletal
extension rate by approximately 50 ad 78%,
respectively.
All life stages were negatively impacted by
increasing OA treatments. A reduction in
sperm concentration further reduced
fertilization success. Settlement declined
more than 50% in high compared to low OA
treatments. Linear extension during postsettlement growth decreased 39% in the midrange and 50% in the high-range OA
treatment.
Survival was not affected by OA. Polyp
growth and algal symbiont infection rates
decreased in more acidic treatments.

*Not Tested
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Appendix A. Continued
Author
Year
Journal

Genus

Species

Spawn
Type

Development
Stage

Temperature
(°C)

Atmospheric
CO2 (µatm)

Findings
OA decreased fertilization via reducing
sperm motility. Recruitment also declined as
a result of a decline in successful
embryological development. Post-settlement
growth reduced through a loss of skeletal
productivity.
Sperm motility was impaired by OA.

Nakamura et
al.

2010

Fish.
Science

Acropora

digitifera

Broadcast

Fertilization,
development,
metabolism, postsettlement

*

~34, ~119,
and ~295

Morita et al.

2010

Zygote

Acropora

digitifera

Broadcast

Fertilization

*

Albright and
Langdon

2011

GCB

Porites

astreoides

Brood

Metabolism,
settlement, postsettlement

*

400–475
775–1005
930–1260
905–1660
2115–3585
12600–
21100
380, 560,
and 800

Nakamura et
al.

2011

PLoS
One

Acropora

digitifera

Broadcast

Larval
survivorship,
metamorphosis

*

33.5, 118.8,
and 295.0

Chua et al.

2013a

MEPS

Acropora
Acropora
Acropora

tenuis
hyacinthus
millepora

Broadcast

*

380, 550,
750, and
1000

Yuan et al.

2018

Scientific
Reports

Acropora

gemmifera

Broadcast

Embryonic
development,
survivorship,
metamorphosis
Settlement, postsettlement

*

389, 700,
and 1214

*Not Tested

Larval metabolism suppressed by 27% and
63% in 560 and 800 µatm respectively
compared to controls. Settlement was
reduced by 42-45% and 55-60% in 560 and
800 µatm respectively relative to controls.
Post-settlement reduced by 16 and 35% in
560 and 800 µatm respectively compared to
controls.
Oxygen consumption was suppressed with
increased OA (although not significantly).
Metamorphosis significantly decreased in OA
conditions in both short (2h) and long term
exposure (7d).
OA did not significantly affect any of these
three early life history stages.

OA decreased settlement (%). Size of recruits
decreased as a result of slowed development.
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Appendix A. Continued
Author

Year

Journal

Genus

Species

Anlauf et al.

2011

EMBE

Porites

Albright and
Mason

2013

PLoS
One

Chua et al.

2013b

Cumbo et al.

Baria et al.

*Not Tested

panamensis

Spawn
Type
Brood

Development
Stage
Settlement, postsettlement

Temperature
(°C)
28.4-29.9

Atmospheric
CO2 (µatm)
487-546 and
861-1006

Acropora

tenuis

Broadcast

Fertilization

27 and 30

400 and 800

MEPS

Acropora
Acropora

millepora
tenuis

Broadcast
Broadcast

27 and 29

421-521 and
653-759

2013

EMBE

Pocillopora

damicornis

Brood

Fertilization,
development,
larval
survivorship,
metamorphosis
Larval
survivorship

24 and
30.49

487.5 and
850.7

2015

Zoo.
Science

Fungia
Lithophyllon

fungites
repanda

Broadcast
Broadcast

Larval
survivorship

28, 31, and
34

400-500,
1000-1300,
1700-2200

Findings
Settlement (%) was not affected by OW or
OA. Growth reduced minimally when
exposed to OA but significantly when
exposed to OW and OA. OW reduced
zooxanthellae densities while both OW and
OA reduced polyp biomass.
To obtain 50% of maximum fertilization,
sperm concentrations increased 6-8 fold with
addition of one factor (temperature or OA)
and 50 fold with addition of both factors.
OA had no effect on early life stages alone,
or in combination with OW. Elevated
temperature increased rates of
metamorphosis. However, OW had no
consistent effect on the other early life stages.
OW and OA did not affect protein content or
Symbiodinium density. Respiration increased
with elevated temperature (but not OA).
Survival decreased in all treatments
compared to ambient treatments.
L. repanda survival decreased with
increasing OW. However, L. repanda was not
significantly affected by OA. Survivorship of
F. fungites was not affected by OW or OA,
and therefore displayed a higher percent
mean survival. A >99% mortality rate was
observed for L. repanda exposed to 34°C.
Diameter of F. fungites was double that of L.
repanda.

47

Appendix A. Continued
Author

Year

Journal

Genus

Species

Foster et al.

2015

Coral
Reefs

Acropora

spicifera

*Not Tested

Spawn
Type
Broadcast

Development
Stage
Settlement, postsettlement

Temperature
(°C)
24 and 27

Atmospheric
CO2 (µatm)
250 and 900

Findings
Settlement (%) was not affected by OW, high
OA or the combination. Post-settlement
survival was consistent among treatments.
High OA treatments reduced skeletal
development. Although not significantly,
high temperatures somewhat mitigated the
effect of high OA on calcification.
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